Background
Overview and background
VCSEL is an acronym that stands for vertical cavity surface emitting laser (Choquette and Hou 1997) . The VCSEL is a semiconductor laser that emits light from its top surface. The VCSEL has many advantages from a manufacturing point of view. They are simple to assemble and are very reliable (Helms et al. 2004 . Recent announcements of high power VCSEL systems look promising for the consumer electronics market (Seurin 2012 , Graham et al. 2015 . Having VCSEL systems that emit in the visible spectrum will allow for finally realizing VCSEL based projection systems. All laser based display and projection systems however suffer from speckle noise. Speckle arises due to the high coherence of laser light and degrades the image quality. Speckle noise should be kept below certain limits in laserbased cinema projectors and also laser imaging systems (Verschaffelt et al. 2015) . Using a low coherent light source or using massively-parallel detection and frequency-domain ranging can help reduce the speckle problem in OCT imaging (Desjardins et al. 2006 , Sabuncu and Akdogan 2015 , Sabuncu and Akdoğan 2014 , Sabuncu and Özdemir 2015 .
Objectives
Like all other laser based projectors a VCSEL based projection system will also suffer from speckle noise. It is therefore important to devise methods that reduce speckle noise in VCSEL systems. Pulsed current modulation was used in an infrared VCSEL system to reduce speckle noise (Riechert et al. 2008) . Recently it was shown that a pulsed current reduced the spatial coherence of a visible VCSEL (Verschaffelt and 2016) . In this work, we propose continuous triangular modulation of the VCSEL drive current to achieve effective speckle reduction.
Implementation
The VCSEL drive current modulator circuit scheme and the corresponding block diagram of the drive circuit is given in Fig. 1 . The circuit consists of a voltage source, modulator, current limiter and overvoltage protector. LD denotes the VCSEL laser diode module emitting light in the visible spectrum at around a central wavelength of 681 nm. The shape and the level of the VCSEL drive current are determined by the circuit components: Rfb1, Rfb2, Cfb , M1, and DSTM1. U2 and Rlim are used to limit the current. D1 protects the circuit from overvoltage and reverse voltages. LM117 Integrated circuit and the limiting resistor Rlim are used to limit the maximum allowed current of the VCSEL. In order to modulate the VCSEL with triangular waves rather than pulses, a square wave pulse is applied to the gate of M1 with DSTM1 while Cfb is connected. By changing Cfb, the slope of the triangular wave can be tuned (Yilmazlar and Sabuncu 2015 ) .
VCSEL Speckle Reduction
The visible VCSEL spectrum at various drive currents is given in the 680 nm VCSEL datasheet. The visible VCSEL emits light between 678 and 684 nm depending on its drive current.
When the drive current is modulated with a continuous wave these 4 independent modes are excited. This will result in speckle reduction in the projected image (Yılmazlar and Sabuncu 2015) .
Theoretically the speckle is quantified by the speckle contrast ratio (C) (Freund 2007) , where σ represents the standard deviation of the picture and I stands for the mean intensity of the picture.
By dividing the initial speckle ratio Ci by the final speckle ratio Cf, the speckle reduction factor (R) is calculated:
The speckle reduction factor will depend on the number of the different excited modes and their relative intensities. The circuit that allows for triangular wave modulation of the VCSEL drive current. The corresponding block diagram of the circuit scheme that drives the VCSEL is given below the drive circuit.
When the VCSEL drive current is driven with a modulated current between 4 and 16 mA, 4 modes will be excited. The maximum and minimum value of the drive current are adjusted by the circuit elements.
The maximum speckle reduction factor for triangular modulation will be . If however the VCSEL drive current were to be modulated with a square wave (pulsed) then only two modes would be excited resulting in a maximum speckle reduction factor . Speckle reduction will be important when using VCSELs in projection systems (Zheng et al. 2008Shayesteh et al. 2015 .
We proposed a method of speckle contrast reduction in a laser projector that has a VCSEL emitting in the visible spectrum as its light source. Effective speckle reduction can be achieved electronically by modulating the VCSEL current continuously in a triangular fashion rather than pulsed.
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